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 Abstract 
The objective of this dissertation was to investigate the relationship between 
natural gas prices delivered at Henry Hub and West Texas Intermediate (WTI) 
crude oil prices. The presence of a long run cointegrating relationship was 
revealed. Furthermore, a vector error correction model was estimated to 
examine the short run relationship, which is influenced by exogenous factors. 
The findings suggest that the WTI crude oil prices are weakly exogenous. In 
addition, impulse response functions and variance decompositions were 
constructed to provide us with the dynamic interaction between the Henry Hub 
natural gas and WTI crude oil prices. The results that were obtained indicate a 
positive response of natural gas to a shock in crude oil and point out the 
importance of crude oil in explaining natural gas. 
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1. Introduction 
Producers and consumers are highly interested in the relationship 
between crude oil and natural gas prices in order to decide in which type of 
energy-using equipment they should invest. The relationship between these 
two commodities is of enormous importance for companies which aim to 
hedge the energy risk and for marketers who seek for the appropriate trading 
strategy. Last but not least, the relationship between the natural gas and 
crude oil prices is excessively important to policy makers in order to draw the 
national energy outlook. 
 West Texas Intermediate (WTI) crude oil prices and Henry Hub natural 
gas prices are the most widely quoted energy prices in the United States. 
Brown and Yucel (2008) document that there was a 10-1 relationship, which 
means that one barrel of WTI crude oil priced at ten times one million British 
thermal units (MMBtu). However, the recent years they maintain a 6-1 
relationship. The variability in the relative price relationship had as a result to 
question if the natural gas price has decoupled from the crude oil price. 
There is an asymmetric relationship between natural gas and crude oil 
prices due to the size of each market. Crude oil is characterized as a global 
commodity. An enormous volume of crude oil is being traded all around the 
world and its markets are well established. On the other hand, the natural gas 
markets are regional and therefore significantly smaller.  Based on this 
asymmetric relationship the natural gas prices adjust to past changes in the 
crude oil price, but the reverse do not appear to occur. Natural gas prices are 
sensitive to crude oil prices, but do not influence them. The main reason for 
this is that the crude oil price is driven by the world market, while the natural 
gas price is determined on regional markets. Therefore, the small markets of 
natural gas prices are unable to influence the world oil market. 
 
According to the economic theory, crude oil prices and natural gas prices 
should be related. Villar and Joutz (2006) state that the main economic factors 
that links natural gas and crude oil is that they are substitutes in consumption 
and also complements, as well as rivals, in production. Especially, in the 
industry and electric power generation natural gas and crude oil constitute 
competitive substitutes. Rosthal, Hartley and Medlock (2006) report empirical 
evidence that the industrial natural gas consumption is sensitive to the relative 
prices of natural gas and petroleum products, and it is likely to remain so. As 
far as the supply side is concerned, anecdotal evidence suggests that the 
market allocation of drilling equipment to oil or natural gas plays is highly 
influenced by the differential between the prices of these commodities. 
Furthermore, liquefied natural gas (LNG) constitutes another factor that links 
crude oil and natural gas markets, since it is usually priced in contracts based 
on oil prices. Nevertheless, there have been periods in which natural gas 
prices reported significant independent movement, suggesting that they might 
decouple from crude oil prices. 
Figure 1, clearly illustrates that natural gas prices delivered at Henry Hub 
are related to WTI crude oil prices. The figure depicts that natural gas prices 
have a tendency to fluctuate around WTI crude oil prices from 1997 until 
2006. Then the two series follow similar routes with WTI crude oil to be 
steadily higher than natural gas at Henry Hub. 
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Figure 1: Henry Hub Natural Gas and Crude Oil Prices (January 1997 – June 
2016) 
The objective of this thesis is to examine the price relationship between 
natural gas at Henry Hub and WTI crude oil. The key points of the analysis 
are the investigation of the long run relationship between the prices of these 
commodities, the identification of the shocks that lead to divergences from this 
relationship and the estimation of the speed of adjustment which tend to 
restore the long run relationship. The analysis provides strong evidence for 
the presence of a stable long run relationship between Henry Hub natural gas 
prices and WTI crude oil prices. Nevertheless, stationary exogenous factors 
such as the heating and cooling degree days deviations from the norm can 
cause deviations to this price relationship. 
Section 2 reviews the relevant papers of other researchers and reports 
their methodologies and their main conclusions.  
In section 3 the data are described and the time series properties of 
Henry Hub natural gas prices and WTI crude oil prices are thoroughly 
examined. In this section is also presented the methodology that has been 
adopted in order to test for the existence of a long run cointegrating 
relationship between natural gas prices at Henry Hub and WTI crude oil 
prices.  
Section 4 presents the empirical analysis. The econometric analysis 
utilizes a vector error correction model (VECM), including stationary 
exogenous variables in order to identify shocks that lead to deviations from 
the long run equilibrium between the prices of the two commodities. 
Moreover, section 4 includes the impulse response functions which allow us 
to examine the reaction of the one variable when a shock is introduced to the 
other and the variance decompositions in order to see the proportion of the 
movements in the dependent variable that are due to their own shocks, 
versus shocks to the other variable.   
Finally, section 5 summarizes the findings of the analysis and reports the 
conclusions that have been drawn.  
2. Literature Review 
There is a notable volume of literature investigating the relationship between 
different energy prices. The following tables present the countries of interest, 
the data and the variables that have been used, the methodology that has 
been adopted, as well as the main conclusions that were drawn of the 
relevant literature. The articles are sorted by date of publishing. 
 
Table 1: Literature review 
 
 
Authors Countries Period Method Variables Conclusions 
De Vany and Walls 
(1993) 
West Texas-Waha, 
East Texas-
Houston/Katy, South 
Texas- 
Corpus Christi, North 
Texas-Panhandle, 
Oklahoma-Beaver 
County and South 
Louisiana-Onshore. 
1987(7)-1991(6) 
(daily data) 
Ordinary least squares Natural gas spot prices Gas markets became more strongly integrated from 
1987 to 1991. Initially only 46 % of the market pairs 
were cointegrated. By 1991, 66 % of the market 
pairs were cointegrated and the degree of 
cointegration became independent of the distance 
between the pairs. Open access has provided the 
basis for integrating separate and even distant gas 
markets into one market. 
Doane and Spulber 
(1994) 
Appalachia, 
Louisiana, 
Oklahoma, Rocky 
Mountains and 
Texas 
1984-1991 
(monthly data) 
Price correlations, 
Granger causality and 
Engle-Granger 
cointegration test 
Natural gas spot prices 
at Appalachia, 
Louisiana, Oklahoma, 
Rocky Mountains and 
Texas 
Open access integrated the regional wellhead 
markets into a national competitive market for 
natural gas. 
Yücel and Guo 
(1994) 
United States 1947-1990 
(annual data) 
Johansen test Coal price, natural gas 
price and oil price 
The world oil market conditions are the drivers for 
crude oil prices and U.S. natural gas prices adjusted 
to oil prices 
Serletis and Herbert 
(1999) 
United States 1996(10)-1997(11) 
(daily data) 
A vector autoregression 
model with an error 
correction mechanism 
Henry Hub and 
Transco Zone 6 
natural gas prices and 
the price of residual 
fuel oil at New York 
Harbor 
A cointegrating relationship between natural gas 
prices at Henry Hub and Transco Zone 6 and fuel 
oil at New York Harbor. Natural gas prices at 
Transco Zone 6 adjust faster than those at Henry 
Hub to deviations in their long run relationship. The 
coordinated price movements reflect effective 
arbitraging mechanisms for these prices across 
these markets. In the error correction term, 
statistically significant is only the relationship 
between Henry Hub and Transco Zone 6 prices. 
Table 2: Literature review 
 
 
Authors Countries Period Method Variables Conclusions 
De Vany and Walls  
(1999) 
Western United 
States 
1994(12)-1996(4) 
(daily data) 
Johansen cointegration 
analysis. A vector error 
correction model 
 
Peak and off-peak 
electricity spot prices 
The western United States markets are pricing 
power and transmission efficiently. There is  an 
efficient and stable wholesale market. 
Serletis and Rangel-Ruiz 
(2002) 
North America 1991(1)-2001(4) 
(daily data) 
Autoregressive 
distributed lag and 
codependent cycles test 
Henry Hub natural gas 
prices and WTI crude 
oil prices 
The relationship of United States energy prices has 
weakened due to deregulation. Rejection of the 
existence of a common price cycle between Henry 
Hub and WTI. 
Emery and Liu 
(2002) 
United States 1996(3)-2000(3) 
(daily data) 
Augmented Engle–
Granger, and an error 
correction model 
Prices of 
New York Mercantile 
Exchange’s California–
Oregon Border and 
Palo Verde electricity 
futures contracts, and 
the prices of its natural 
gas futures contract 
Future prices of electricity and natural gas are co-
integrated. Their relationship depends on when and 
why electricity is consumed. 
 
Asche et al. 
(2002) 
Germany 1990(1)-1997(12) 
(monthly data) 
Multivariate Johansen 
test 
German import natural 
gas prices from the 
Netherlands, Norway 
and Russia. 
 
The German gas market is integrated. There are 
differences in mean prices which are attributed to 
volume flexibility and perceived political risk. The 
natural gas is more expensive the closer the 
supplier is to the market. Price differences reflect 
differences in price expectations in different time 
periods. Other explanatory factors are the 
differences in the seller’s bargaining position and 
the fact that the exporting countries deliver the 
natural gas at different locations, where there are 
differences in tariffs for domestic German 
transportation. 
Table 3: Literature review 
 
 
 
 
Authors Countries Period Method Variables Conclusions 
Silverstovs et al. 
(2005) 
Europe, North 
America and Japan 
1997:04-2002:06 
(monthly data) 
Principal Component 
Analysis 
 
Johansen test: 
Vector error correction 
model without linear 
trend and Vector error 
correction model without 
linear trend and without 
intercept 
 
LNG import price in 
the USA, LNG import 
price in Europe, LNG 
import price in Japan, 
pipeline gas import 
price in USA, pipeline 
gas import price in 
Europe, natural gas 
price at Henry Hub 
and Brent crude oil 
price. 
The Principal 
Component Analysis indicate co-movements within 
the European/Japanese and the 
North American prices as well as a certain split of 
European/Japanese and North American markets. 
According to the Johansen test procedure there is 
cointegration within the 
European/Japanese and the North American 
markets but no cointegration between the two 
groups of markets. 
Villar and Joutz  
(2006) 
United States 1989(1)-2005(12) 
(monthly data) 
Vector autoregression 
model, Johansen test 
and a vector error 
correction model 
Henry Hub natural gas 
price and WTI crude 
oil price 
Oil and natural gas prices are cointegrated with a 
trend. A stable long-run cointegrating relationship 
between Henry Hub natural gas price and WTI 
crude oil price. The trend term is statistically 
significant, indicating that natural gas prices grow at 
a faster rate than crude oil prices. This fact result in 
the narrowing of the gap between crude oil and 
natural gas prices with the passage of time. There 
are periods when natural gas prices decouple from 
crude oil prices due to exogenous factors such as 
natural gas storage levels. 
Bachmeir and Griffin 
(2006) 
United States 1990(1)-2004(8) A vector error correction 
model and an error 
correction model 
Global crude price, 
U.S. coal price and 
U.S. natural gas price 
The global crude oils are highly cointegrated, but 
the relationship between oil and U.S. natural gas 
prices is weak 
Table 4: Literature review 
 
 
Authors Countries Period Method Variables Conclusions 
Asche et al. 
(2006) 
United Kingdom 1995(1)-1998(6) 
(monthly data) 
Johansen test based on 
a vector autoregressive 
error correction model 
 
Brent blend crude oil 
price, natural gas price 
at the National 
Balance Point and 
electricity price 
(National Grid Price) 
Existence of an integrated market in the UK, during 
the period after the deregulation of the UK gas 
market and before its linkage to the continental 
European gas market. The leading price is the price 
of crude oil which is exogenous. 
Moutinho et al. 
(2006) 
Spain 2002(1)-2005(12) 
(daily data) 
Vector autoregression 
model, vector error 
correction model, and 
Granger causality test 
Spot prices for Brent, 
fuel, coal, gas and the 
OMEL’s electricity 
market 
The prices of natural gas and fuel move towards the 
price of crude oil when there is a price differentiation 
because they are dependent on this raw material. 
There are three kinds of causality: at 1% level 
between the price of fuel oil and the prices of gas, 
coal and crude oil, at 5% significance level between 
the price of crude oil and the prices of the remaining 
commodities and between them and the price of the 
crude oil and at 10% significance level between the 
price of the gas, coal and crude oil and the price of 
fuel oil. 
Brown and Yücel 
(2007) 
United States 1994(1)-2006(7) 
(weekly data) 
Johansen test and an 
error correction model 
Henry Hub natural gas 
price, WTI 
crude oil price, heating 
degree days, 
deviations from normal 
heating degree days, 
cooling degree 
days, deviations from 
normal cooling degree 
days, natural gas 
storage and shut-in 
production 
A stable long run relationship between natural gas 
prices and crude oil prices, but in the short term the 
dynamics are shaped by exogenous factors such as 
weather, seasonality, natural gas storage and 
production disruptions. They reveal that the 
direction of causality is from the crude oil price to 
the natural gas price, but the reverse is not 
appearing to occur. 
 
Table 5: Literature review 
 
 
Authors Countries Period Method Variables Conclusions 
Brown and Yücel 
(2007) 
United States 1997(2)-2007(1) 
(daily data) 
Johansen procedure 
and causality tests 
Natural gas prices at 
Henry Hub, Transco 
Zone 6 and Topock, 
and electricity prices 
for PJM and Palo 
Verde 
Limited arbitrage is revealed, indicating that a lack 
of pipeline capacity contributes to the volatility of 
regional natural gas prices. The regional prices are 
shaped by factors that are independent of those in 
play at Henry Hub. Storage is an important 
determinant of U.S. natural gas prices, it can be a 
substitute for transmission capacity, and low 
storage volumes in a given region may be 
associated with sharp natural gas price movements 
during episodes of strong regional demand. 
Panagiotidis and 
Rutledge  
(2007) 
United Kingdom 1996-2003 
(daily data) 
Johansen methodology 
and the Breitung 
nonparametric 
procedure, Recursive 
techniques, vector error 
correction model and 
Impulse response 
functions 
UK wholesale gas and 
the Brent oil 
A long run equilibrium relationship between UK 
wholesale gas prices and Brent oil prices 
throughout the sample period. Negative responses 
from gas die out quickly 
Hartley et al. 
(2008) 
United States 1990(2)-2006(10) 
(monthly data) 
Johansen test and an 
error correction model 
 
Price of natural gas at 
Henry Hub, wholesale 
price of residual fuel 
oil, price of WTI crude 
oil, heat rate, 
inventory, weather and 
hurricane variables 
and an indicator 
variable. 
Long run cointegrating relationship among WTI, 
natural gas and residual fuel oil price. In short term 
the price relationship is influenced by exogenous 
factors. The relationship between crude oil and 
natural gas prices is acting via competition between 
natural gas and residual fuel oil. The residual fuel oil 
prices are driven by the international crude oil 
market but not the other direction. 
Table 6: Literature review 
 
 
 
Authors Countries Period Method Variables Conclusions 
Mjelde and Bessler 
(2009) 
United States 2001(6)-2008(4) 
(weekly data) 
A vector error correction 
model, impulse 
response functions and 
forecast error variance 
decompositions 
procedures 
Uranium price, west Texas 
sweet crude oil price, natural 
gas prices at Henry Hub, 
Pennsylvania railcar coal price, 
PJM peak and off-peak 
electricity prices, Mid-C peak 
and off-peak electricity prices, 
cooling and heating degree days 
Evidence of dynamic relationships between input 
and output prices. All prices react to market 
conditions. Peak electricity prices from the two 
different markets react similarly to shocks in natural 
gas prices.  
David J. Ramberg 
(2010) 
United States 1997(6)-2009(2) 
(weekly data) 
Johansen cointegration 
test, a vector error 
correction model and a 
conditional error 
correction model 
Henry Hub natural gas prices, 
WTI crude oil prices,  heating 
degree days, deviations from 
normal heating degree days, 
cooling degree 
days, deviations from normal 
cooling degree days, natural gas 
storage differential and shut-in 
natural gas production. 
The presence of a historical relationship between 
natural gas prices at Henry Hub and WTI crude oil 
prices that is stable over time. 
Ferkingstad et al. 
(2011) 
North Europe 2002(1)-
2008(12) 
(weekly data) 
A vector autoregression 
model, a vector error 
correction model and a 
linear non-Gaussian 
acyclic model  
Nordic electricity price, German 
electricity price, Brent crude oil 
price, Gas price at National 
balancing pint and at 
Zeebrugge, coal price, 
EUR/USD exchange rate, 
German wind power production 
and 
Nordic water reservoir levels 
Only positive innovation shock responses. A strong 
connection between gas and electricity prices. In 
the long run, electricity prices and British 
gas prices adjust themselves to establish the 
equilibrium price level, since oil, 
coal, continental gas and EUR/USD are found to be 
weakly exogenous 
Table 7: Literature review 
 
 
 
 
 
Authors Countries Period Method Variables Conclusions 
Asche et al. 
(2012) 
United 
Kingdom 
1996(9)-2010(3) 
(monthly data) 
Johansen multivariate 
test 
Brent blend oil price and natural gas price 
at the NBP 
A long-run equilibrium relationship between Brent 
blend oil prices and natural gas prices at the NBP, 
but in the short term there are substantial 
differences between the two prices. 
Kaufmann et al. 
(2013) 
Massachusetts 1989(1)-2011(12) 
(monthly data) 
Ordinary least squares Natural gas consumption by residential 
and commercial consumers in 
Massachusetts and the consumption of 
No. 2 fuel oil, in the Commonwealth of 
Massachusetts. Explanatory variables 
include near surface ambient air 
temperature, fuel prices, and the 
temperature of tap water 
 
In the short-run as climate changes, and weather 
becomes on average warmer, energy consumption 
for heating will decline and energy consumption for 
cooling will rise such that there is a tipping point at 
which climate change increases energy 
consumption because the increased use for cooling 
exceeds the reduced use for heating 
Summarizing, it is observed that the majority of the papers deal with the 
United States of America. Nevertheless, Europe (especially United Kingdom) 
constitutes another important region of investigation. The time period of 
examination is mainly the 1980s and the 1990s. The frequency of the data 
varies among daily, weekly and monthly, while there is a paper which utilized 
annual data. The most common econometric methodology that has been 
adopted is the Johansen testing procedure for cointegration and the vector 
error correction model. The main conclusion is the existence of a stable long 
run relationship between natural gas prices and crude oil prices. In addition, in 
order to examine the short run relationship of the natural gas prices and the 
crude oil prices the estimation of a vector error correction model is necessary. 
The outcome is that the short term dynamics are driven by exogenous factors. 
The most important exogenous factors are the weather, the seasonality, the 
storage of natural gas and the natural gas disruption of production. It is worth 
noting, that the direction of causality runs from the crude oil prices to the 
natural gas prices. On the contrary, there is no evidence that the direction of 
causality is running from natural gas prices to crude oil prices.  
 
3. Data and Methodology 
3.1 Data 
The data set allows me to investigate the relationship between the Henry Hub 
natural gas prices and the WTI crude oil prices, using as exogenous variables 
the weather, seasonality and natural gas storage conditions. The period of 
investigation is from January 1997 through June 2016 and the frequency of 
the data is monthly. All the data are retrieved from the U.S. Energy 
Information Administration. 
 The prices of Henry Hub natural gas are expressed in dollars per MMBtu, 
while the prices of WTI crude oil are expressed in dollars per barrel. 
Therefore, the WTI crude oil prices were converted to dollars per MMBtu by 
dividing the price expressed in dollars per barrel with 5,729 , since one barrel 
of crude oil is equal to 5.729.000 Btu (for U.S. produces crude oil). The 
selection of Henry Hub natural gas and WTI crude oil prices was made due to 
the fact that they are both excessively liquid and belong in a similar 
geographic location.   This resulted in the avoidance of distortions because of 
transportation differentials.  
As far as the inventory variable is concerned, it allows for short-term 
supply availability to either mitigate or exacerbate the effects of shocks on 
price movements. I used the United States total natural gas in underground 
storage (Working Gas), measured in million cubic feet (MMcf). Thus, MMcf 
converted to MMbtu by dividing the MMcf with 1000. Then, the storage 
differential was computed. The storage differential is the difference between 
the storage in a given month and the average for that month over the past five 
years. Inventories above the seasonal norm have as a result the depression 
of the natural gas prices, while inventories below the seasonal norm result in 
the increase of the prices. 
The weather variables allows for examination of the influence of weather 
and seasonality. Heating degree days and cooling degree days are obtained 
from the Energy Information Administration and the average heating and 
cooling degree days has been calculated for each month over the period 
January 1997-June 2016. Afterwards, the deviations in heating and cooling 
degree days in each month were calculated by subtracting the average 
degree days for each month from the actual value of each month.  
I focus on the properties of the time series of the Henry Hub natural gas 
prices and WTI crude oil prices. The analysis begins by transforming these 
time series to natural logarithms. The logarithmic transformations took place in 
order the variables to be in the same scale, to reduce the magnitude of 
heteroskedasticity and due to the fact that the coefficients will reflect the 
elasticities.  
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Figure 2: Logarithm of Henry Hub Natural Gas Prices 
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 Figure 3: Logarithm of WTI Crude Oil Prices 
 
The following graphs present the histograms and the autocorrelation 
functions (ACFs) through twelve lags for the prices of Henry Hub natural gas 
and WTI crude oil. The histograms provide useful information such as the 
mean, the standard error and the probability distribution of the variables. It is 
obviously that the Henry Hub natural gas prices and the WTI crude oil prices 
are not normally distributed. As far as the autocorrelation functions are 
concerned, they are highly significant for both variables. The summary 
statistics are presented in tables. 
 
 
 Figure 4: Henry Hub Natural Gas Prices Histogram 
 
 
 
Figure 5: WTI Crude Oil Prices Histogram 
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Table 8: Henry Hub Natural Gas Prices Summary Statistics 
Observations 234 
Mean 1.40 
Median 1.39 
Maximum 2.60 
Minimum 0.54 
Standard Deviation 0.47 
Skewness 0.22 
Kurtosis 2.33 
Jarque-Bera 6.36 
Probability 0.04 
 
 
 
Table 9: WTI Crude Oil Prices Summary Statistics 
Observations 234 
Mean 2.10 
Median 2.18 
Maximum 3.15 
Minimum 0.68 
Standard Deviation 0.63 
Skewness -0.33 
Kurtosis 1.96 
Jarque-Bera 14.97 
Probability 0.00 
 
 
 
 Figure 6: Autocorrelation Function for Henry Hub Natural Gas Prices 
 
 
 
Figure 7: Autocorrelation Function for WTI Crude Oil Prices 
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3.2 Methodology 
It is fundamental to check whether the series are stationary or not. Stationary 
series reverts to its mean after a shock, while a shock to a non stationary 
series has permanent effects on it. Regressing one non stationary variable on 
another non stationary variable leads to a spurious regression. The graphical 
representations of the Henry Hub natural gas and WTI crude oil prices 
indicate a clear trend. Therefore, in order to check for stationarity the 
Augmented Dickey-Fuller (ADF) and the Phillips-Perron test (PP) are applied. 
Initially, the variables are tested including an intercept and then including an 
intercept and a trend. Both tests report that the natural gas prices at Henry 
Hub and the WTI crude oil prices are non stationary. The same tests are 
applied for the first differences of the series indicating that they are stationary. 
Thus, I conclude that the natural gas prices at Henry Hub and the WTI crude 
oil prices are integrated of order one I(1). Last but not least, I applied the 
Augmented Dickey-Fuller and the Phillips-Perron tests for the exogenous 
variables and the result is that they are all stationary I(0).  
The next step is to test for cointegration, which constitutes an effective 
solution to deal with non stationary data. Two non stationary series are 
cointegrated if they move together in the long run. First of all, I test for 
cointegration between natural gas prices at Henry Hub and WTI crude oil 
prices using the Engle-Granger method. A linear relationship between these 
two variables is estimated via dynamic ordinary least squares (DOLS). Then, I 
create a series of the residuals and perform on it the Augmented Dickey-Fuller 
test and the Phillips-Perron test. The outcome indicates that the residuals are 
not stationary. Therefore, the Zivot-Andrews unit root test is applied on the 
residuals. The result of Zivot-Andrews test indicates that the residuals are 
stationary taking into account a breakpoint in January 2009. Thus, there is 
evidence of a stable long run relationship between Henry Hub natural gas and 
WTI crude oil prices. 
Afterwards, I perform the Johansen procedure in order to test for 
cointegration. Firstly, I estimate a vector auto-regression model (VAR) with 
two endogenous variables, which are the prices of Henry Hub natural gas and 
WTI crude oil.  
                                              ⌈
𝑙𝑛𝑃𝐻𝐻,𝑡
𝑙𝑛𝑃𝑊𝑇𝐼,𝑡
⌉  =  𝛱(𝐿) ⌈
𝑙𝑛𝑃𝐻𝐻,𝑡−1
𝑙𝑛𝑃𝑊𝑇𝐼,𝑡−1
⌉  +  ⌈
𝜀𝑡.1
𝜀𝑡.2
⌉              (1) 
Where,  𝛱(𝐿) =  𝛱1𝐿 + 𝛱2𝐿
2  +  𝛱3𝐿
3  +  … + 𝛱𝑝𝐿
𝑝  and  
εt,1 , εt,2 are the standard normal error terms. 
 
The lag length criteria suggest three lags according to Akaike information 
criterion. Then, I test the residuals of my model to check if the errors are 
independent and normally distributed using the autocorrelation LM test and 
the normality test respectively.  
Since there is a break point in January 2009, I construct two dummy 
variables. The first one is 
 𝐷𝑠  = 0 (𝑡 = 1997𝑀01, … , 2009𝑀01); =  1 (𝑡 = 2009𝑀02, … , 2016𝑀06) 
and the second one is 
 𝐷𝑖 = 1 (𝑡 = 2009𝑀02); = 0 (𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒).  
Then, I estimate the VAR model for the Johansen testing procedure, 
including the following exogenous variables: 𝐷𝑠, 𝐷𝑠  ∗ 𝑇𝑟𝑒𝑛𝑑, 𝐷𝑖 . The next step 
is to perform the Johansen cointregration test. Since there are only two I(1) 
time series, it is expected that the maximum number of cointegrating 
relationships will be one. 
The volatility of the natural gas prices at Henry Hub is much greater than 
the volatility of WTI crude oil prices. In addition, it is expected that the natural 
gas price is not determined only by the price of crude oil. The appropriate 
model has to account for the relationship of the natural gas and crude oil 
prices and to adjust to factors that affect the natural gas price but have no 
influence in the price of crude oil. These factors are the heating and cooling 
degree days, the heating and cooling degree days deviations and the storage 
differential. The inclusion of these factors, which represent the fundamentals 
of the natural gas price, as exogenous variables serve to model the 
idiosyncratic volatility of natural gas prices delivered at Henry Hub. Therefore, 
I estimate a model with the Henry Hub natural gas price and WTI crude oil 
price as endogenous variables and the above mentioned factors as 
exogenous variables. Moreover, since the frequency of the data is monthly I 
include twelve lags for differenced endogenous variables. Then, I estimate a 
vector error correction model. In order to perform a sensitivity analysis the 
deterministic trend specification is firstly with no trend in data, intercept in the 
cointegrating equation but no intercept in the VAR and secondly with linear 
trend in data and intercept both in the cointegrating equation and in the VAR. 
It is worth mentioning that both models report similar results. According to the 
estimated vector error correction models, as far as the exogenous variables 
are concerned the heating degree days, the cooling degree days and the 
storage differential are not statistically significant. The vector error correction 
models are presented in the table 25 and in the table 27 at the appendix.  
In the next step, I re-estimate my model including as exogenous variables 
only the statistically significant ones. These variables are the heating and 
cooling degree days deviations. The deterministic trend specification is 
without trend in the data, intercept in the cointegrating equation but no 
intercept in the VAR. The corresponding vector error correction model 
examines the relationship in the short run. The mathematical representation of 
the vector error correction model is the following:  
𝑙𝑛𝑃𝐻𝐻,𝑡  = 𝛾 + 𝛽𝑙𝑛𝑃𝑊𝑇𝐼,𝑡 +  𝜇𝑡                                              (2) 
𝛥𝑙𝑛𝑃𝐻𝐻,𝑡 = 𝛼 + 𝛼(𝜇𝑡−1) + ∑ 𝑏𝑖𝛥𝑙𝑛𝑊𝑇𝐼,𝑡−1
𝑛
𝑖=1 + ∑ 𝑐𝑖𝛥𝑙𝑛𝐻𝐻,𝑡−1
𝑛
𝑖=1  ∑ 𝑑𝑗𝑋𝑗,𝑡
𝑛
𝑗=1 +  𝑒𝑡  (3) 
𝛥𝑙𝑛𝑃𝑊𝑇𝐼,𝑡 = 𝛼 + 𝛼(𝜇𝑡−1) +  ∑ 𝑏𝑖𝛥𝑙𝑛𝑊𝑇𝐼,𝑡−1
𝑛
𝑖=1 +  ∑ 𝑐𝑖𝛥𝑙𝑛𝐻𝐻,𝑡−1
𝑛
𝑖=1  ∑ 𝑑𝑗𝑋𝑗,𝑡
𝑛
𝑗=1 +  𝑒𝑡 (4) 
 
 After that, I construct the impulse response functions and the variance 
decompositions. An impulse response identifies the reaction of a dynamic 
system in response to a sudden change and identifies the time that the 
system needs to absorb the shock or the fact that the variable is not 
influenced at all by the shock. In my model with the use of the impulse 
response function I can explain the relationship among the two variables. I 
choose twelve periods in order to check the reaction of the variables to each 
other the following year. The variance decomposition indicates the amount of 
information each variable contributes to the other variable in the auto-
regression. It determines how much of the forecast error variance of each 
variable can be explained by exogenous shocks to the other variable. 
Variance decompositions give the proportion of the movements in the 
dependent variable that are due to their own shocks, versus shocks to the 
other variable. The total variation of each variable due to a shock in itself and 
in the other variable is 100 percent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Empirical Results 
It is fundamental for the analysis, the Henry Hub natural gas prices and the 
WTI crude oil prices to be non stationary. As it was mentioned in the 
methodology, the Augmented Dickey-Fuller test and the Phillips-Perron test 
were applied to examine for stationarity. The tables below present the 
outcomes of the two unit root tests. 
 
Table 10: Augmented Dickey-Fuller Unit Root Test 
 
Variables 
 
No-trend Trend 
p-value p-value 
Henry Hub Prices 0.2466 0.5720 
WTI Prices 0.4132 0.6214 
Henry Hub Returns 0.00 0.00 
WTI Returns 0.00 0.00 
 
 
Table 11: Augmented Dickey-Fuller Unit Root Test  
 
Variables 
 
No-trend Trend 
p-value p-value 
Heating Degree Days 0.0025 0.0143 
Heating Degree Days 
Deviation 
0.00 0.0001 
Cooling Degree Days 0.0242 0.0379 
Cooling Degree Days 
Deviation 
0.00 0.00 
Storage Differential 0.0005 0.0036 
 
According to the Augmented Dickey-Fuller test, the Henry Hub natural gas 
prices and the WTI crude oil prices are non stationary. The null hypothesis of 
non stationarity cannot be rejected since the p-value is higher than 0.05. The 
Henry Hub natural gas prices variable has a p-value of 0.2466 when it is 
tested including only an intercept and 0.5720 when it is tested including an 
intercept and a trend. Thus, the Henry Hub natural gas prices are non 
stationary. Similar results report the WTI crude oil prices. When the WTI crude 
oil prices variable is tested including only an intercept its p-value is equal to 
0.4132, while when it is tested including an intercept and a trend its p-value 
becomes 0.6214. The high p-values indicate that the WTI crude oil prices are 
non stationary. In contrast, the returns of the Henry Hub natural gas and WTI 
crude oil have a  p-value of zero whether they are tested including a trend or 
not. The conclusion of the Augmented Dickey-Fuller test is that the natural 
gas prices at Henry Hub and WTI crude oil prices are both integrated of order 
one I(1). 
Heating and cooling degree days, heating and cooling degree days 
deviations and storage differential are all stationary, since their p-value is 
much lower than 0.05. 
 
Table 12: Phillips-Perron Unit Root Test 
 
Variables 
 
No-trend Trend 
p-value p-value 
Natural Gas Prices 0.1641 0.4440 
Crude Oil Prices 0.5131 0.6911 
Henry Hub Returns 0.00 0.00 
WTI Returns 0.00 0.00 
 
 
 
 
 Table 13: Phillips-Perron Unit Root Test 
 
Variables 
 
No-trend Trend 
p-value p-value 
Heating Degree Days 0.00 0.00 
Heating Degree Days 
Deviation 
0.00 0.00 
Cooling Degree Days 0.0022 0.0129 
Cooling Degree Days 
Deviation 
0.00 0.00 
Storage Differential 0.0110 0.0496 
 
 
The Phillips-Perron tests report similar results with the Augmented 
Dickey-Fuller tests. The null hypothesis of non stationarity is rejected when 
the p-value is lower than 0.05. Therefore, it is inferred that the Henry Hub 
natural gas and WTI crude oil prices are integrated of order one I(1), while the 
rest variables are all stationary. 
Afterwards, I test the residuals of my model. The autocorrelation LM test 
is performed to check if the errors are independent. The outcome of the test is 
presented in the table 14. There is no serial correlation apart from the seventh 
and ninth lag which have a probability lower than 0.05. In all the other cases 
the probability takes values higher than 0.05 and so the null hypothesis of no 
serial correlation cannot be rejected. 
 
 
 
 
 
Table 14: Autocorrelation LM Test 
Lags LM-Stat Probability 
1 3.034096 0.5521 
2 3.004252 0.5571 
3 2.361454 0.6696 
4 7.288313 0.1214 
5 3.161696 0.5311 
6 5.893140 0.2073 
7 14.81291 0.0051 
8 1.822076 0.7684 
9 18.09122 0.0012 
10 3.160328 0.5314 
11 9.325874 0.0535 
12 6.383728 0.1723 
 
According to the normality test, the residuals are not normally 
distributed. The probability is almost zero therefore the null hypothesis of 
normality is rejected. 
 
 
Table 15: Normality Test 
Component Jarque-Bera df Probability 
1 13.39052 2 0.0012 
2 5.385014 2 0.0677 
Joint    18.77553 4 0.0009 
 
 
 
 
Furthermore, the VAR model is dynamically stable as we can see in the 
figure 8. 
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Figure 8: Inverse Roots of AR Characteristic Polynomial 
 
Table 16 and table 17 report the results of the Johansen cointegration test 
between the Henry Hub natural prices and the WTI crude oil prices. There are 
conducted two tests, the first one is the trace test reported in table 16 and the 
second one is the max test reported in the table 17. It is worth mentioning that 
the trace test report similar results with the max test.  Initially, the tests 
examine the null hypothesis which is no cointegrating relation against the 
alternative of existing cointegrating relations. Then, the tests examine the 
possibility of one cointegrating relation against the possibility of two 
cointegrating relations. Essentially, the tests check whether the eigenvalue is 
significantly different from zero or not. Analytically, both tests reject the null 
hypothesis of no cointegrating relation but they cannot reject the null 
hypothesis of one cointegrating relation. Therefore, the presence of one 
cointegrating relation at 1 percent is revealed. 
 
 
Table 16: Johansen Trace Test for cointegration 
Hypothesized 
Noumber  of 
Cointegrating 
Equations 
Eigenvalue Trace 
Statistic 
0.05 Critical 
Value 
Probability 
None 0.110289 32.83067   20.26184 0.0006 
At most one 0.024950 5.836463   9.164546 0.2037 
 
 
 
Table 17: Johansen Max Test for Cointegration 
Hypothesized 
Noumber  of 
Cointegrating 
Equations 
Eigenvalue Maximum 
Eigenvalue 
Statistic 
0.05 Critical 
Value 
Probability 
None 0.110289 26.99421   15.89210 0.0006 
At most one 0.024950 5.836463 9.164546 0.2037 
 
The single cointegrating equation is the following:  
𝑙𝑛𝑃𝐻𝐻,𝑡 =  0.016453 +  0.820684𝑙𝑛𝑃𝑊𝑇𝐼,𝑡          (5) 
Therefore, based on the equation (2), the β and γ coefficients are equal to 
0.820684 and 0.016453 respectively. The interpretation of the β coefficient is 
that a one percent dollar change in the WTI crude oil price is met with a 0.82 
percent dollar change in the Henry Hub natural gas price in the long run. 
 
 
 
 
Table 18 reports the estimated vector error correction model. The 
divergences from the long run cointegrating relationship are described by the 
error correction term. The coefficients on the cointegrating equation indicate 
that only changes in the Henry Hub natural gas prices adjust in response to 
divergences in the cointegrating relationship. On the other hand, WTI crude oil 
prices do not respond to deviations in the cointegrating relationship. This fact 
implies that WTI crude oil prices are weakly exogenous. A significant fact is 
that the coefficients on the cointegrating equation are negative, implying that 
the adjustments tend to restore the long run relationship. The coefficient on 
the cointegrating equation is the speed of adjustment and it is equal to            
-0.034639. The speed of adjustment indicates that if Henry Hub natural gas 
and WTI crude oil prices deviate from their long term relationship, Henry Hub 
natural gas prices will adjust in order to narrow the gap between the two at the 
rate of 3.46 percent a month. The interpretation for the coefficients of the 
lagged Henry Hub natural gas WTI crude oil prices is that a 10 percent 
increase in the lagged Henry Hub natural gas price will lead to a decrease of 
0.08 percent in the contemporaneous price and a 10 percent increase in the 
lagged WTI crude oil price will lead to 1.48 percent increase in the 
contemporaneous price of natural gas delivered at Henry Hub. Last but not 
least, based on the coefficients of the deviations in heating and cooling 
degree days, I conclude that the greater the deviations in heating and cooling 
degree days from the norm the higher will be the price of natural gas prices 
delivered at Henry Hub. 
 
 
 
 
 
 
 
 
 
 
Table 18: Vector Error Correction Model Including Exogenous Variables 
Variable ΔlnPHH ΔlnPWTI 
cet-1 -0.034639 
(0.00934) [-3.70735] 
-0.013649 
(0.00784) [-1.74024] 
ΔlnPHH,t-1 -0.008112 
(0.06042) [-0.13427] 
0.032793 
(0.05072) [ 0.64658] 
ΔlnPHH,t-2 -0.158926 
(0.06023) [-2.63857] 
-0.024440 
(0.05056) [-0.48338] 
ΔlnPHH,t-3 -0.122075 
(0.06048) [-2.01855] 
0.055610 
(0.05077) [ 1.09543] 
ΔlnPHH,t-4 -0.018777 
(0.05815) [-0.32290] 
0.088516 
(0.04881) [ 1.81333] 
ΔlnPHH,t-5 -0.075075 
(0.05737) [-1.30865] 
0.029258 
(0.04816) [ 0.60756] 
ΔlnPHH,t-6 0.006928 
(0.057452) [0.12066] 
-0.059963 
(0.04820) [-1.24406] 
ΔlnPHH,t-7 -0.126280 
(0.05684) [-2.22177] 
-0.052647 
(0.04771) [-1.10345] 
ΔlnPHH,t-8 -0.087012 
(0.05721) [-1.52086] 
0.015499 
(0.04803) [ 0.32272] 
ΔlnPHH,t-9 -0.255737 
(0.05714) [-4.47598] 
-0.006373 
(0.04796) [-0.13289] 
ΔlnPHH,t-10 0.007057 
(0.05830) [ 0.12105] 
-0.011729 
(0.04894) [-0.23967] 
ΔlnPHH,t-11 -0.049365 
(0.05733) [-0.86109] 
-0.072192 
(0.04812) [-1.50017] 
ΔlnPHH,t-12 -0.167149 
(0.05634) [-2.96670] 
-0.005011 
(0.04730) [-0.10595] 
ΔlnPWTI,t-1 0.148064 
(0.08666) [ 1.70853] 
0.245603 
(0.07275) [ 3.37615] 
ΔlnPWTI,t-2 0.261113 
(0.08842) [ 2.95310] 
0.144787 
(0.07422) [ 1.95072] 
ΔlnPWTI,t-3 0.152451 
(0.08975) [ 1.69861] 
-0.087493 
(0.07534) [-1.16132] 
ΔlnPWTI,t-4 0.180314 
(0.09040) [ 1.99467] 
-0.068095 
(0.07588) [-0.89737] 
ΔlnPWTI,t-5 0.037947 
(0.09213) [ 0.41188] 
0.068178 
(0.07734) [ 0.88157] 
ΔlnPWTI,t-6 0.061478 
(0.09115) [ 0.67448] 
-0.057371 
(0.07651) [-0.74982] 
ΔlnPWTI,t-7 0.311933 
(0.09093) [ 3.43058] 
-0.056634 
(0.07633) [-0.74200] 
ΔlnPWTI,t-8 -0.056067 
(0.09371) [-0.59828] 
-0.001356 
(0.07867) [-0.01724] 
ΔlnPWTI,t-9 0.283813 
(0.09268) [ 3.06234] 
-0.049968 
(0.07780) [-0.64228] 
ΔlnPWTI,t-10 0.066540 
(0.09527) [ 0.69843] 
0.065670 
(0.07997) [ 0.82115] 
ΔlnPWTI,t-11 0.254676 
(0.09468) [ 2.68992] 
0.129992 
(0.07948) [ 1.63562] 
ΔlnPWTI,t-12 -0.149777                 
(0.09475) [-1.58080] 
-0.003375 
(0.07953) [-0.04243] 
C -0.005380 
(0.00690) [-0.77949] 
0.003081 
(0.00579) [ 0.53178] 
HDD_DEV 0.001278                     
(0.00015) [ 8.54255] 
4.94E-05 
(0.00013) [ 0.39316] 
CDD_DEV 0.002266 
(0.00040) [ 5.70735] 
0.000826 
(0.00033) [ 2.47736] 
Values shown in parenthesis are standard errors and values shown in brackets are t-
statistics. 
Table 19: Summary Statistics of the VECM 
 ΔlnPHH ΔlnPWTI 
R-squared 0.48279 0.213908 
Adj. R-squared 0.410444 0.103937 
Residual Sum of Squares 1.970473 1.388481 
S.E. Equation 0.101043 0.084819 
F-statistic 6.672674 1.945125 
Log Likelihood 207.9623 246.6443 
Akaike AIC -1.628618 -1.978682 
Schwarz SC -1.198082 -1.548145 
Mean Dependent 0.000971 0.004843 
S.D. Dependent 0.131596 0.089603 
Log likelihood  458.4038 
Akaike Information Criterion  -3.623563 
Schwarz Criterion  -2.731738 
 
The next step is to perform the Granger Causality test in order to examine 
the interdependence between the Henry Hub natural gas prices and the WTI 
crude oil prices. A causal relationship between the variables suggests that 
changes in one variable result in changes in the other. Table 20 and table 21 
summarize the outcomes of the Granger Causality tests. 
 
Table 20: Granger Causality test with ΔlnPHH as the Dependent Variable 
Dependend Variable: 
ΔlnPHH 
Excluded Chi-sq df Probability 
ΔlnPWTI 54.16384 12 0.00 
All 54.16384 12 0.00 
 
Table 21: Granger Causality test with ΔlnPWTI as the Dependent Variable 
Dependend Variable: 
ΔlnPWTI 
Excluded Chi-sq df Probability 
ΔlnPHH 12.56239 12 0.4016 
All 12.56239 12 0.4016 
 
The above tables refer that changes in WTI crude oil prices Granger-
cause changes in Henry Hub natural gas prices, while the reverse is not 
appearing to occur. The null hypothesis that changes in WTI crude does not 
Granger-cause changes in Henry Hub natural gas prices is rejected, since the 
probability is zero. In contrast, the null hypothesis that changes in Henry Hub 
natural gas prices does not Granger-cause changes in WTI crude cannot be 
rejected, since the probability of 0.4016 is excessively high. 
The last part of the analysis includes the construction of the impulse 
response functions and the variance decompositions. A significant point of the 
analysis is the examination of the reaction of the natural gas prices at Henry 
Hub when a shock is introduced to the prices of WTI crude oil and vice versa. 
The responses provide us the direction of the dynamic interactions between 
the prices of the two commodities. The results of these relationships are 
obtained through the impulse response functions and are discussed below. 
Figure 9 portraits the impulse response to WTI crude oil prices of Henry 
Hub natural gas prices. It is clearly illustrated that the response of Henry Hub 
natural gas prices to WTI crude oil prices is positive.  The response of Henry 
Hub natural gas prices follows an upward route until the fifth month. Then, the 
response fluctuates around 0.0645 until it takes the value of 0.074724 in the 
twelfth month. According to the graph it is obvious that the natural gas prices 
at Henry Hub respond positive to WTI crude oil prices. 
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Figure 9: Impulse Response of Henry Hub Natural Gas Price to WTI Crude 
Oil Price. 
 
Figure 10 illustrates the impulse response to Henry Hub natural gas prices 
of WTI crude prices. The response of WTI crude oil prices to Henry Hub 
natural gas prices is positive from the first month until the eleventh. 
Furthermore, there is a highest positive effect (0.034276) on the sixth month.  
On the contrary, the twelfth month the response turns negative but its value is 
very close to zero. It is clearly illustrated that the WTI crude oil prices do not 
respond to Henry Hub natural gas prices. 
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Figure 10: Impulse Response of WTI Crude Oil Price to Henry Hub Natural 
Gas Price. 
 
It is clearly illustrated that the response of the WTI crude oil prices to 
shocks in Henry Hub natural gas prices is quite low, while the response of the 
natural gas prices at Henry Hub to shocks in WTI crude oil prices is high 
enough. 
The variance decompositions provide us with a more precise measure of 
the dynamic interactions between the Henry Hub natural gas prices and the 
WTI crude oil prices. 
The next graph portraits the percentage variation in natural gas prices at 
Henry Hub due to a shock in its own series. In the first month, a shock to the 
natural gas prices at Henry Hub accounts for 100 percent variation of the 
fluctuation in the Henry Hub natural gas prices (own shock). The percentage 
variation in Henry Hub natural gas prices due to a shock in its own series 
experience a steady decrease as the months pass by. In the twelfth month, 
the percentage variation of Henry Hub natural gas prices that cannot be 
attributed to surprises in WTI crude oil prices is 60.89 percent. 
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Figure 11: Percentage Variation of Henry Hub Natural Gas Prices due to a 
shock in Henry Hub Natural Gas Prices. 
 
Figure 12 illustrates the percentage variation in natural gas prices 
delivered at Henry Hub because of a shock in the WTI crude oil prices. As it 
can be seen in the graph, in contemporaneous time a shock in WTI crude oil 
prices does not affect the variation of Henry Hub natural gas prices. In the 
third month, a shock to WTI crude oil prices contributes 3.9 percent of the 
uncertainty in Henry Hub natural gas prices. The next months the percentage 
variation of Henry Hub natural gas prices due to a shock in WTI crude oil 
prices follows an upward route reaching the value of 39.1 percent in the 
twelfth month. Thus, WTI crude oil prices are important in explaining the 
Henry Hub natural gas prices. 
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  Figure 12: Percentage Variation of Henry Hub Natural Gas Prices due to a 
shock in WTI Crude Oil Prices. 
The figure below depicts the percentage variation in WTI crude oil prices 
due to a shock in Henry Hub natural gas prices. As it was expected, a shock 
to Henry Hub natural gas prices causes an excessively low percent variation 
of the fluctuation in WTI crude oil prices. The percentage variation follows a 
plateau of around 3.58 percent. 
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 Figure 13: Percentage Variation of WTI Crude Oil Prices due to a shock in 
Henry Hub Natural Gas Prices. 
Figure 14 portraits the percentage variation in WTI crude oil prices due to 
a shock in its own series. In contemporaneous time 96.62 percent variation of 
the fluctuation in WTI crude oil prices arises from information of its own series. 
The percentage variation of WTI crude oil prices follows a plateau of around 
96.42 percent. It is clearly illustrated the fact that a shock to a variable 
contributes a high percent variation in itself. 
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  Figure 14: Percentage Variation of WTI Crude Oil Prices due to a shock in 
WTI Crude Oil Prices. 
 
 
 
 
 
 
 
 
5. Concluding Remarks 
This work has demonstrated significant points regarding the link between 
natural gas prices delivered at Henry Hub and WTI crude oil prices. 
It is a fact that the vast majority of economic series is non stationary. 
Energy prices, such as the prices of the two commodities of the analysis are 
non stationary as well. The estimation of models which include non stationary 
data leads to misleading outcomes. Cointegration is an effective solution to 
this problem. Moreover, cointegration restores stationarity in the data and 
provides us with meaningful relationships among the time series.  
The Augmented Dickey-Fuller and the Phillips-Perron tests were 
performed in order to prove that the prices of Henry Hub natural gas and WTI 
crude oil are non stationary. Then, the presence of a cointegrating relationship 
between these prices was found by applying the Johansen cointegration 
procedure. Johansen test suggests a long run cointegrating relationship 
between the Henry Hub natural gas prices and WTI crude oil prices. A vector 
error correction model was estimated, indicating a stable relationship between 
the two time series. Exogenous factors included in order to explain the short 
run relationship of natural gas and crude oil prices. Heating and cooling 
degree days deviation from the norm were included in the vector error 
correction model in order to explain the high volatility in the time series of 
natural gas.  
An important conclusion is that the WTI crude oil prices are weakly 
exogenous. The interpretation of this conclusion is that the natural gas prices 
are sensitive to crude oil prices, but the crude oil prices are not influenced by 
those of natural gas. WTI crude oil prices are shaped by the world oil market 
conditions. Therefore, Henry Hub natural gas prices adjust to changes in WTI 
crude oil prices. On the contrary, the effect of natural gas prices on the crude 
oil prices is negligible.  Last but not least, any divergences in the relationship 
between the two time series will be eliminated after a period of adjustment. 
A key finding of the analysis is given by the impulse response functions. 
The response of natural gas prices to a shock introduced in crude oil prices is 
positive. Furthermore, variance decompositions indicate the importance of 
WTI crude oil prices in explaining natural gas prices at Henry Hub. 
To conclude, there is strong evidence of a long run relationship between 
the Henry Hub natural gas prices and the WTI crude oil prices, while the short 
run relationship is highly influenced by exogenous factors such as the heating 
and cooling degree days deviations from the norm.  
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Appendix 
 
Table 22: Engle-Granger Test 
 
Variables 
 
No-trend Trend 
p-value p-value 
Residuals 0.2163 0.2467 
 
Table 23: Engle-Granger Test 
 
Variables 
 
No-trend Trend 
p-value p-value 
Residuals 0.1869 0.2189 
 
Table 24: Engle-Granger Test 
Variables p-value 
Residuals 0.006424 
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 Figure 15: Zivot-Andrews breakpoint 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 25: Vector Error Correction Model Including all the Exogenous Variables 
Variable ΔlnPHH ΔlnPWTI 
cet-1 -0.034542 
(0.00908) [-3.80426] 
 -0.012265 
(0.00765) [-1.60387] 
ΔlnPHH,t-1 -0.022943 
(0.06197) [-0.37020] 
0.053345 
(0.05220) [ 1.02200] 
ΔlnPHH,t-2 0.167258 
(0.06194) [-2.70040] 
-0.002179 
(0.05217) [-0.04176] 
ΔlnPHH,t-3 -0.138301 
(0.06291) [-2.19854] 
0.080651 
(0.05298) [ 1.52224] 
ΔlnPHH,t-4 -0.040231 
(0.06011) [-0.66925] 
0.108529 
(0.05063) [ 2.14358] 
ΔlnPHH,t-5 -0.098530 
(0.05911) [-1.66687] 
0.047305 
(0.04979) [ 0.95017] 
ΔlnPHH,t-6 -0.010735 
(0.05868) [-0.18294] 
-0.043879 
(0.04943) [-0.88778] 
ΔlnPHH,t-7 -0.126656 
(0.05766) [-2.19668] 
-0.039601 
(0.04856) [-0.81548] 
ΔlnPHH,t-8 -0.079082 
(0.05776) [-1.36917] 
0.025802 
(0.04865) [ 0.53039] 
ΔlnPHH,t-9 -0.249744 
(0.05775) [-4.32426] 
0.003348 
(0.04864) [ 0.06884] 
ΔlnPHH,t-10 -0.001741 
(0.05940) [-0.02932] 
0.004057 
(0.05003) [ 0.08109] 
ΔlnPHH,t-11 0.063337 
(0.05793) [-1.09333] 
-0.061040 
(0.04879) [-1.25103] 
ΔlnPHH,t-12 -0.181720 
(0.05659) [-3.21092] 
0.002793 
(0.04767) [ 0.05859] 
ΔlnPWTI,t-1  0.162347 
(0.08744) [ 1.85657] 
0.226800 
(0.07365) [ 3.07944 
ΔlnPWTI,t-2 0.281306 
(0.08980) [ 3.13260] 
0.122585 
(0.07563) [ 1.62078] 
ΔlnPWTI,t-3 0.170932 
(0.09017) [ 1.89566] 
-0.098206 
(0.07595) [-1.29312] 
ΔlnPWTI,t-4  0.201116 
(0.09058) [ 2.22020] 
-0.075732 
(0.07629)[-0.99263] 
ΔlnPWTI,t-5 0.060351 
(0.09238) [ 0.65330] 
0.060322 
(0.07780) [ 0.77530] 
ΔlnPWTI,t-6 0.069235 
(0.09109) [ 0.76008] 
-0.062701 
(0.07672) [-0.81728] 
ΔlnPWTI,t-7 0.299661 
(0.09117) [ 3.28674] 
0.063404 
(0.07679) [-0.82569] 
ΔlnPWTI,t-8 0.077639 
(0.09382) [-0.82756] 
-0.009764 
(0.07902) [-0.12358] 
ΔlnPWTI,t-9 0.260061 
(0.09341) [ 2.78417] 
-0.052555 
(0.07867) [-0.66803] 
ΔlnPWTI,t-10 0.059866 
(0.09544) [ 0.62726] 
0.065805 
(0.08038) [ 0.81863] 
ΔlnPWTI,t-11 0.264478 
(0.09469) [ 2.79306] 
0.128293 
(0.07975) [ 1.60863] 
ΔlnPWTI,t-12 -0.131830 
(0.09477) [-1.39103] 
-0.008955 
(0.07982) [-0.11219] 
HDD -1.75E-05 
(1.9E-05) [-0.92355] 
-1.58E-05 
(1.6E-05) [-0.98920] 
CDD -0.000148 
(5.1E-05) [-2.88462] 
-2.95E-05 
(4.3E-05) [-0.68194] 
HDD_DEV 0.001240 
(0.00017) [ 7.50326] 
0.000146 
(0.00014) [ 1.05128] 
CDD_DEV 0.002458 
(0.00040) [ 6.07400] 
0.000840 
(0.00034) [ 2.46295] 
STORAGE_DIF -2.84E-05 
(2.9E-05) [-0.97378] 
3.86E-05 
(2.5E-05) [ 1.57271] 
Values shown in parenthesis are standard errors and values shown in brackets are t-statistics 
 
Table 26: Summary Statistics of the Vector Error Correction Model 
 ΔlnPHH ΔlnPWTI 
R-squared 0.492802 0.223938 
Adj. R-squared 0.415793 0.106107 
Residual Sum of Squares 1.932360 1.370765 
S.E. Equation 0.100584 0.084716 
F-statistic 6.399274 1.900494 
Log Likelihood 210.1206 248.0633 
Akaike AIC -1.630050 -1.973423 
Schwarz SC -1.168761 -1.512134 
Mean Dependent 0.000971 0.004843 
S.D. Dependent 0.131596 0.089603 
Log likelihood  462.4640 
Akaike Information Criterion  -3.615059 
Schwarz Criterion  -2.646352 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 27: Vector Error Correction Model Including all the Exogenous Variables 
Variable ΔlnPHH ΔlnPWTI 
cet-1 -0.033826 
(0.00912) [-3.70952] 
-0.012617 
(0.00768) [-1.64343] 
ΔlnPHH,t-1 -0.022876 
 (0.06244) [-0.36636] 
0.051502 
(0.05257) [ 0.97967] 
ΔlnPHH,t-2 -0.166986 
 (0.06271) [-2.66283] 
0.004708 
(0.05280) [-0.08917] 
ΔlnPHH,t-3 -0.138504 
 (0.06315) [-2.19336] 
0.079656 
(0.05316) [ 1.49832] 
ΔlnPHH,t-4 -0.041255 
 (0.06081) [-0.67841] 
0.110597 
(0.05120) [ 2.16026] 
ΔlnPHH,t-5 -0.099698 
 (0.06015) [-1.65751] 
0.049974 
(0.05064) [ 0.98686] 
ΔlnPHH,t-6 -0.011603 
 (0.05924) [-0.19587] 
-0.042142 
(0.04987) [-0.84501] 
ΔlnPHH,t-7 -0.126903 
 (0.05782) [-2.19488] 
-0.039979 
(0.04868) [-0.82131] 
ΔlnPHH,t-8 -0.078887 
 (0.05821)[-1.35514] 
0.024086 
(0.04901) [ 0.49145] 
ΔlnPHH,t-9 -0.249778 
 (0.05797) [-4.30849] 
0.002502 
(0.04881) [ 0.05126] 
ΔlnPHH,t-10 -0.002167 
 (0.05959) [-0.03636] 
0.004447 
(0.05017) [ 0.08863] 
ΔlnPHH,t-11 -0.064242 
 (0.05863) [-1.09568] 
-0.058970 
(0.04936) [-1.19464] 
ΔlnPHH,t-12 -0.182630 
 (0.05730) [-3.18750] 
0.004852 
(0.04824) [ 0.10059] 
ΔlnPWTI,t-1 0.161584 
(0.08844) [ 1.82714] 
0.230035 
(0.07445) [ 3.08964] 
ΔlnPWTI,t-2 0.280741 
(0.09067) [ 3.09626] 
0.125636 
(0.07634) [ 1.64582] 
ΔlnPWTI,t-3 0.170492 
(0.09065) [ 1.88086] 
-0.096318 
(0.07631) [-1.26211] 
ΔlnPWTI,t-4 0.201406 
(0.09088) [ 2.21612] 
-0.076503 
(0.07651) [-0.99986] 
ΔlnPWTI,t-5 0.060858 
(0.09280) [ 0.65582] 
0.058921 
(0.07813) [ 0.75418] 
ΔlnPWTI,t-6 0.069822 
(0.09156) [ 0.76262] 
-0.064340 
(0.07708) [-0.83471] 
ΔlnPWTI,t-7 0.299430 
(0.09150) [ 3.27255] 
-0.062275 
(0.07703) [-0.80843] 
ΔlnPWTI,t-8 -0.078687 
(0.09497) [-0.82856] 
-0.006097 
(0.07995) [-0.07625] 
ΔlnPWTI,t-9 0.259572 
(0.09383) [ 2.76629] 
-0.050932 
(0.07900) [-0.64472] 
ΔlnPWTI,t-10 0.060038 
(0.09577) [ 0.62693] 
0.064834 
(0.08063) [ 0.80413] 
ΔlnPWTI,t-11 0.265269 
(0.09552) [ 2.77718] 
0.125506 
(0.08042) [ 1.56071] 
ΔlnPWTI,t-12 -0.131846 
(0.09503) [-1.38741] 
-0.009198 
(0.08001) [-0.11497] 
C 0.023309 
(0.03010) [ 0.77453] 
-0.000623 
(0.02534) [-0.02458] 
HDD -2.10E-05 
(4.7E-05) [-0.44749] 
-4.14E-06 
(3.9E-05) [-0.10507] 
CDD -0.000157 
(0.00012) [-1.28952] 
5.49E-07 
(0.00010) [ 0.00535] 
HDD_DEV 0.001243 
(0.00017) [ 7.34823] 
0.000137 
(0.00014) [ 0.96375] 
CDD_DEV 0.002468 
 (0.00042) [ 5.94237] 
0.000817 
(0.00035) [ 2.33594] 
STORAGE_DIF -2.87E-05 
(2.9E-05) [-0.97998] 
3.92E-05 
(2.5E-05) [ 1.58795] 
Values shown in parenthesis are standard errors and values shown in brackets are t-statistics 
Table 28: Summary Statistics of the Vector Error Correction Model 
 ΔlnPHH ΔlnPWTI 
R-squared 0.492763 0.224511 
Adj. R-squared 0.412673 0.102065 
Residual Sum of Squares 1.932508 1.369753 
S.E. Equation 0.100852 0.084907 
F-statistic 6.152620 1.833556 
Log Likelihood 210.1121 248.1449 
Akaike AIC -1.620924 -1.965112 
Schwarz SC -1.144258 -1.488447 
Mean Dependent 0.000971 0.004843 
S.D. Dependent 0.131596 0.089603 
Log likelihood  462.5377 
Akaike Information Criterion  -3.606676 
Schwarz Criterion  2.622592 
 
 
